The long term goals of this project are to research the physics of high frequency (1-50 kHz) acoustic propagation and ambient noise in the ocean. This work is relevant to many types of Navy sonars such as active ASW and MCM systems and underwater acoustic modems for communications. Improved understanding is leading to better ways to adapt to and exploit the environment for enhanced system performance.
autonomous system developed at the University of Algarve, Portugal. The AOB2 is a drifting 8-element self-recording array that resembles the size and weight of a standard sonobuoy. The operating area is shown in the left panel of Fig. 1 where the bathymetry is color coded (bathymetry survey was conducted by the University of New Hampshire Center for Coastal and Ocean Mapping). The right panel in Fig. 1 shows the experimental geometry and water depths at the equipment locations. Figure 2 shows the configuration of the AOB2 receiving array and a picture of the deployed buoy.
Modeling approach
The modeling approach used is based on the Gaussian Beam Tracing code implemented in Bellhop [Porter and Bucker] . From Bellhop, for each source-receiver pair, N arrival amplitudes, A n (ω), and delays, τ n (ω), are calculated. The pressure field, p(t), can be represented as a sum over arrivals according to, (1) where is the Hilbert transform of the source function s(t). The Hilbert transform is a 90 o phase shift of s(t) and accounts for the imaginary part of A n . Equation (1) can be interpreted as saying that any arbitrary phase change can be understood as a weighted sum of the original waveform and its 90 o phase-shifted version. The weighting controls the effective phase shift.
A straight application of Eq. (1) requires computing the amplitudes and delays on an incredibly fine spatial grid since the amplitudes are needed for each time step. This degree of spatial sampling is not very practical; however, using a Gaussian Beam approach allows for spatial interpolation and extrapolation of arrival amplitudes and delays. This is possible since arrival patterns vary slowly over spatial scales of several to hundreds of wavelengths. One difficulty often encountered with arrival interpolation is the so-called ray identification problem. That is, to calculate the field between grid points, the same arrival type (i.e. direct path, surface bounce etc.) needs to be identified before interpolating its amplitude and phase. This sounds simple enough but can be problematic since arrivals on one grid point may not correspond to those at another. That is, reflection and refraction can cause both a different number of rays and different ray-types on each of the grid points. For example, consider the direct path on one grid point that is refracted away from another grid point. In this case, interpolating the first arrival between these grid points may involve interpolation of a direct path with a bottom-bounce path and this will produce incorrect results. This problem can by avoided without keeping track of arrival types by using an approach similar to using shape functions in finite-element methods. The influence of these shape functions can be computed independently but their sum provides the equivalent of a bilinear interpolation. Consider a rectangular grid with receiver location somewhere in the middle of four grid points. The amplitudes at the grid points are maintained as separate quantities and their corresponding delays are adjusted by the ray path travel-time differences between the grid point and the receiver location. The amplitudes are adjusted by the appropriate travel distance. The received field is constructed using Eq. (1) with an additional sum over each of the arrivals on the four grid points. The weight given to each grid point is based on bi-linear interpolation. The arrivals are never interpolated between grid points, therefore, sorting and interpolating based on arrival types is not necessary and results are surprisingly good. 
AOB2
Simple surface motion (i.e. slowly changing in time and space) can be treated in this manner by extending the interpolation. This adds another dimension and results in the sum of arrivals being calculated on eight grid points. This simple model was sufficient to explain the Makai observations but initial research was also done on a more sophisticated time-domain surface scatter model. The Helmholtz integral equation was used with the Kirchhoff approximation. The Green's functions representing the impulse response from all scattering points on the surface to the receivers was computed in terms of arrival amplitudes and time delays. This time-domain framework allows for including both broadband signals and a realistic, time-varying sea-surface. The method was compared with exact solutions for a sub-set of problems (frozen, rough surfaces) to determine limitations [3] .
WORK COMPLETED Measurements and Modeling of Doppler Sensitive Waveforms
The Makai 2005 data were modeled using a dynamic sea-surface and moving receiver array as previously described. This was done for both stationary and moving platforms at various sourcereceiver ranges. The important Doppler effects that were observed in the data were adequately modeled [4, 5] .
Adaptive beamforming of ambient noise
Adaptive beamforming methods (i.e. Minimum Variance Distortionless Processor) were applied to data sets collected in the Mediterranean Sea. The improved resolution allowed better identification of the seabed layering. This layering information was included in a geoacoustic inversion scheme to determine the sound speed, density and attenuation of each layer [2] .
RESULTS

Model-Data comparisons of Doppler Sensitive Waveforms
The transmission shown here is from the towed Testbed T1 and was received on the AOB2 about 600 m away (JD 268 at 01:02). Modeled and measured receptions on the deepest 6 hydrophones of the AOB are shown in Fig. 3 . A 0.7 second BPSK (binary-phase-shift-keying) transmission was used for the analysis. This waveform is commonly used for communications but for this analysis is simply a highly Doppler-sensitive signal. The transmission used cycles of a 9.5 kHz sinusoid with phase shifts introduced to represent a string of 1's and 0's defined by an m-sequence. In a static situation, using a matched filter on this waveform produces an estimate of the channel impulse response. However, in situations with source/receiver motion, each path can have a different Doppler shift (due to the angledependent propagation paths). A Doppler shift can be applied to the BPSK transmit signal before the matched filter process. By sweeping over a variety of shifts, the Doppler for each received arrival can be estimated. In Fig. 3 , the data are matched-filtered using different Doppler corrections and the maximum value for each arrival is taken in the plot. This type of figure provides a check of the experiment geometry and matched filter process. The arrivals in Fig. 3 correspond to different acoustic paths which can be seen using a ray trace diagram (as in panel (c) of Fig. 4 ). Results from adaptive beamforming of ambient noise data Recent results have shown that the ambient noise field can be processed to produce reflections from the seabed and sub-bottom layering [1, 2] . These passive processing results are similar to those obtained using active systems such as a chirp-sonar. Improved processing results were obtained using adaptive processing methods (i.e. Minimum Variance Distortionless Processor). In Fig. 5 , results are shown from data processed both with conventional and adaptive methods. In both cases the seabed reflection is quite strong and evident. However, the adaptive results show better resolution and an enhancement in the reflections from deeper layers. 
IMPACT/APPLICATIONS
This work has the potential for significant impact on several sonar systems and underwater acoustics applications (e.g., ASW, MCM, underwater acoustic communications). In particular, the acoustic communications modeling is leading to improvements in predicting system failures and ways to better deploy modems. The ambient noise work is progressing towards an efficient and practical way to identify the seabed properties. This will have a significant impact on sonar performance and predicting TRANSITIONS A new 6.4 project under Intelligence, Surveillance, Reconnaissance, and Information Operations (PMW 180) is planned for FY07 and will use the work developed under this ONR project on ambient noise processing to estimate seabed properties. These techniques will transition through the Navy Oceanographic Office. A prototype system is planned for development in FY07.
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